Morphologically, caveolae and lipid rafts are two different membrane structures. They are often reported to share similar lipid and protein compositions, and are considered to be two subtypes of membrane lipid microdomains. By modifying sucrose density gradient flotation centrifugation, which is used to isolate lipid microdomains, we were able to separate caveolae and noncaveolar lipid microdomains into two distinct fractions. 
Introduction
Caveolae have been widely accepted as distinct plasma membrane structures [1, 2] . The formation of 50-to 100-nm invaginations on the plasma membrane is associated with the presence of the caveolin-1 protein, and caveolae cannot form in the absence of caveolin-1 [3] [4] [5] . Besides their morphological visibility on the plasma membrane [2] , caveolar membranes are biochemically defined by (a) resistance to solubilization by Triton X-100 at 4 ºC, (b) a light, buoyant density and (c) enrichment with sphingolipids and cholesterol [2] . However, membrane fractions with these biochemical characteristics can be isolated in cells without caveolins and caveolae [2, [5] [6] [7] [8] . For this reason, broader terms, such as detergent-resistant membranes or membrane lipid microdomains, are used to define these membrane fractions.
In contrast to caveolae that are readily identifiable membrane invaginations marked by caveolin-1, lipid rafts cannot be easily distinguished from the surrounding membrane [6] [7] [8] . The dynamic nature of lipid rafts makes it impossible to physically define a specified set of membranes as lipid rafts. Lipid rafts are now considered a spatiotemporally regulated dynamic lipid-dependent segregation of specific membrane components [9] [10] [11] [12] [13] [14] . They range from unstable nanoscale clusters of proteins, cholesterol and sphingolipids, to relatively stable microdomains formed from preexisting small clusters through protein-protein or protein-lipid interactions. Thus, any isolated noncaveolar lipid microdomains are essentially an equilibrated mixture of heterogeneous dynamic membrane lipid rafts.
Biochemically, both caveolae and lipid rafts exhibit a 498 npg resistance to detergent extraction and are co-isolated by light-density flotation centrifugation [1, 2, 5, 8] . Characterizing this kind of membrane lipid microdomains reflects the mixed properties of caveolae and lipid rafts.
For the biochemical analysis of caveolae or lipid rafts, it is essential to separate caveolae and lipid rafts from each other. It may be impossible to isolate a defined set of lipid rafts for characterization, but the well-defined caveolae can at least be isolated from the rest of the heterogeneous lipid rafts.
In our previous study with caveolin-1 knockdown 3T3-L1 cells, we found that suppressing caveolin-1 through RNA interference ablated the caveolae [5] . However, the fractionation of membrane lipid microdomains and the association of the insulin-like growth factor-1 (IGF-1) receptor with lipid microdomains are not affected by the ablation of caveolae, nor is IGF-1 receptor signaling affected during 3T3-L1 adipocyte differentiation induction [5] . Although IGF-1 receptor signaling is sensitive to cholesterol depletion, it is independent of caveolae and caveolin-1 [5] . In the differentiated caveolin-1 knockdown 3T3-L1 adipocyte, the absence of caveolae has no adverse effect on insulin receptor signaling, GLUT4 translocation or glucose uptake [15] . These results indicate that IGF-1 receptor and insulin receptor signaling are membrane cholesterol sensitive, but caveolae independent.
In the present study, we separated caveolin-1-enriched caveolar membranes (caveolae) from the heterogeneous noncaveolar lipid microdomains in 3T3-L1 cells by a modified four-step sucrose density gradient. Cholesterol and sphingolipids were more enriched in noncaveolar lipid microdomains than in caveolae. The specific association of IGF-1 receptor, Thy-1, c-Yes and aquaporin-1 with noncaveolar lipid microdomains suggested that the dynamic lipid rafts might be the functionally important membrane platform for receptor transmembrane signaling.
Results

Detergent and non-detergent extraction of membrane lipid microdomains from isolated plasma membranes
3T3-L1 cells have a high abundance of both caveolae and lipid rafts [5] . Because membrane lipid microdomains (caveolae and lipid rafts) are mostly located on the plasma membrane [2, 8] , purified 3T3-L1 cell plasma membranes were used to extract membrane lipid microdomains. Plasma membrane purity was examined by membrane markers and electron microscopy ( Figure 1A-1C ). In the purified plasma membrane fraction, which was marked by N-cadherin and caveolin-1, there was no endoplasmic reticulum (calnexin), mitochondria (cytochrome c) or nuclei (histone H1) ( Figure 1B) . The lysosome (cathepsin D) and Golgi (g-adaptin) membranes were dissolved by sodium carbonate extraction and were not present in the fractionated insoluble lipid microdomain fractions ( Figure 1E ).
Two extraction methods are often used to isolate membrane lipid microdomains: low-concentration Triton X-100 solution or detergent-free, pH 11, sodium carbonate solution [16] [17] [18] . In combination with sucrose density gradient flotation centrifugation, the insoluble membrane lipid microdomains can be isolated by flotation in a sucrose density gradient. Triton X-100 extraction completely dissolved the membrane lipid microdomains from the isolated plasma membrane ( Figure 1D ). The lipid microdomain-associated proteins caveolin-1, flotillin-1 [19] and IGF-1 receptor [5, 20] were all dissolved by the Triton X-100 solution ( Figure 1D ). In contrast, the sodium carbonate solution could extract lipid microdomains from the purified plasma membrane ( Figure 1D ). Caveolin-1, flotillin-1 and IGF-1 receptor were all associated with low-density sphingolipid-enriched insoluble membranes ( Figure 1D ). Because Triton X-100 extraction was affected by the amount of cellular membrane mass (Supplementary information, Figures S1 and S2), detergent-free sodium carbonate was used in subsequent studies with purified plasma membrane.
Separation of caveolae and noncaveolar lipid microdomains
Caveolae are stable membrane structures that are well defined by their invaginated morphology and the presence of the marker protein, caveolin-1 [1, 2] . The dynamic lipid rafts are composed of unstable nanoclusters and stabilized coalescences of nanoclusters in the plasma membrane [10, 11] . These two groups of membrane microdomains were floated as a single peak of cholesteroland sphingolipid-enriched membrane microdomains at the interface of 5-35% sucrose in the conventional threestep sucrose density gradient (Figure 2A and 2B) . Cholesterol, gangliosides (glycosphingolipids) and associated proteins (caveolin-1, flotillin-1 and IGF-1 receptor) were co-isolated in low-density insoluble membrane fractions ( Figures 1D and 2B) .
In caveolin-1 knockdown 3T3-L1 cells in which caveolae are absent, the IGF-1 receptor is still associated with membrane lipid microdomains [5] . In addition, the insulin receptor is associated with membrane microdomains enriched with gangliosides, but devoid of caveolin-1 [15] . These findings suggest that a ganglioside-enriched lipid microdomain is separable from caveolae. is the cytoskeleton-associated protein that is also reported to be caveolae associated [26] . (E) Electron microscopic view of isolated light low-density membrane lipid microdomains and heavy low-density membrane lipid microdomains. npg density gradient, we modified the conventional threestep sucrose density gradient into a four-step density gradient ( Figure 2A ) [15] . A 21% sucrose step achieved the best separation of caveolin-1-associated membranes from IGF-1 receptor-associated and ganglioside-enriched membranes ( Figure 2C and 2D). In this modified fourstep sucrose density gradient, the membrane lipid microdomains were fractionated into two interfaces of 5-21% sucrose and 21-35% sucrose ( Figure 2C ). The two-membrane lipid microdomain fractions had similar amounts of proteins, but different amounts of cholesterol ( Figure  2C ). The insoluble membrane lipid microdomains at the 5-21% interface contained higher levels of cholesterol and sphingolipids, which caused their lighter density ( Figure 2C and 2D) .
To identify the caveolae, these two membrane fractions were subjected to western blot for caveolin-1. As shown in Figure 2D , caveolin-1 was mostly fractionated into the heavy low-density lipid microdomains (at the 21-35% sucrose interface). The caveolin-1-enriched membrane microdomains were also visualized by electron microscopy. They appeared as membrane vesicles with a diameter of around 100 nm that resemble the morphology of caveolae ( Figure 2E ) [2] .
The light low-density lipid microdomains (at the 5-21% sucrose interface) were devoid of caveolin-1 ( Figure 2D ). They were amorphous membranes, indicating a heterogeneous nature ( Figure 2E ). The membrane heterogeneity, the enrichment of cholesterol and sphingolipids, and the absence of caveolin-1 all suggested that the light low-density noncaveolar lipid microdomains are a heterogeneous coalescence of lipid rafts ( Figure 2C and 2D) [6, [9] [10] [11] . The modified sucrose density gradient clearly separated two different types of membrane microdomains.
After caveolae are separated from the other noncaveolar lipid microdomains (most likely the coalescence of heterogeneous lipid rafts), it is possible to analyze their associated proteins. Many lipid microdomain-associated proteins, such as Thy-1 (GPI-AP, glycosylphosphatidylinositol-anchored protein) [21] , N-cadherin (membrane glycoprotein) [22, 23] , aquaporin-1 (membrane [24, 25] , IGF-1 receptor (membrane tyrosine kinase receptor) [5, 20] and c-Yes (inner-membrane lipid-tethered protein) [18] , were actually associated with noncaveolar lipid microdomains ( Figure 2D ). Flotillin-1, a structural protein in membrane lipid microdomains [19] , was associated with caveolae ( Figure 2D ). Although vimentin is reported to associate with lipid microdomains [26] , only a small fraction of the protein was detected in the caveolar membrane fractions ( Figure 2D ). These results suggest that proteins are specifically associated with caveolae or noncaveolar lipid microdomains.
Lipid and protein compositions in caveolae and noncaveolar lipid rafts
Most proteins in the purified plasma membrane were not associated with lipid microdomains, which contained 16% of all membrane proteins (7% in caveolae and 9% in noncaveolar lipid microdomains; Figure 3A ). Most lipid microdomain-associated proteins exhibited specificity for caveolae or noncaveolar lipid microdomains ( Figures 2D and 3B) . The SDS-polyacrylamide gel electrophoresis (PAGE) of caveolae and noncaveolar lipid microdomains proteins also showed different protein profiles ( Figure 3C ). For a better comparison of the proteins associated with caveolae and noncaveolar lipid microdomains, shot-gun mass spectrometry was used to analyze proteins in caveolae and in noncaveolar lipid microdomains. A total of 61.5% of the proteins identified in caveolae overlapped with the proteins in noncaveolar lipid microdomains, and 71.3% of the proteins identified in noncaveolar lipid microdomains overlapped with the caveolar proteins ( Figure 3D ). For two identical lipid microdomain samples, however, 80.2% of the proteins identified by mass spectrometry overlapped ( Figure 3D) . The low overlap rate between caveolae and noncaveolar lipid microdomains suggested different protein profiles. Because of the high sensitivity of mass spectrometry analysis, this overlap did not imply an equal amount of protein in the two samples. A label-free comparison method was used to quantify differences between the overlapped proteins [27] . As shown in Figure 3E , more than half of the overlapped proteins had over a two-fold expression difference between caveolae and noncaveolar lipid microdomains. Taken together, these results suggest that the caveolae and noncaveolar lipid microdomains separated by the modified sucrose density gradient had different protein compositions.
The most important characteristic of caveolae and lipid rafts is the enrichment of cholesterol and sphingolipids [2, [6] [7] [8] . Our results indicated that lipid rafts were far more enriched with cholesterol and gangliosides (Figure 2C and 2D ). The use of thin-layer chromatography analysis [28] [29] [30] demonstrated that noncaveolar lipid microdomains contained more sphingomyelin, phosphatidylcholine and phosphatidylethanolamine ( Figure 4A ). In comparison to caveolae, noncaveolar lipid microdomains contained twice the amount of cholesterol per microgram of proteins ( Figure 4B ). The total amount of protein in noncaveolar lipid microdomains was only 1.2-fold of that in caveolae ( Figures 2C and 3A) . However, the total amounts of cholesterol, gangliosides, sphingomyelin, phosphatidylcholine and phosphatidylethanolamine were Figure 4C ). Thus, noncaveolar lipid microdomains were much more lipid enriched than caveolae.
Discussion
Without a definite morphology, it is difficult to describe what types of lipid rafts are present in a living cell. It was originally proposed that "lateral organization probably results from preferential packing of sphingolipids and cholesterol into moving platforms, or rafts, onto which specific proteins attach within the bilayer" [6] . However, recent studies show that stable, preexisting lipid rafts do not exist in live cell membranes [11, 13, 31] . Instead, they exist in a state of nanoclusters and monomers in a dynamic balance [13, 32] . As small nanoclusters collide with each other and coalesce to form larger lipid-based assemblies, the existence of stable microdomains at ≥ 1 000 nm can be identified [9, 14, 33] . In our current study, the "noncaveolar lipid microdomains" separated from caveolae may be a mixture of heterogeneous rafts ranging from nanoclusters to stable microdomains. Morphologically, they are a mixture of an amorphous substance with heterogeneous membrane pieces ( Figure 2E ). Biochemically, they contain associated GPI-APs and are enriched with cholesterol, gangliosides and sphingomyelin ( Figures 2D and 4) .
Compared with the stable caveolae, the short-lived unstable nanoscale clusters are more efficient for signal transduction [34] [35] [36] . Each nanocluster produces a signal in a way of quantized burst, so the cell can easily modulate the timing and amplitude of the signal simply by synchronizing the quantity of these nanoclusters [34, 35] . Our results with caveolin-1 knockdown 3T3-L1 cells indicate that lipid rafts are the signal platform for the IGF-1 receptor [5] . In the current study, molecules involved in signal transduction are mostly enriched in noncaveolar lipid microdomains, but not in caveolae ( Figure 2D ). Apart from the proteins shown in Figure 2D , many other signal molecules (e.g., EGF receptor, G protein family and JAK1 (identified by mass spectrometry analysis)) are also enriched in noncaveolar lipid microdomains. However, the caveolar fraction is more enriched with molecules related to the cytoskeletal system, such as dynamin-2, filamin B and a-actinin (identified by mass spectrometry analysis). The function of caveolae in GLUT4 internalization is in good agreement with these identified caveolar proteins [15] .
Unlike the heterogeneous lipid rafts, the isolated caveolae are rather "morphologically homogeneous" (Figure 2E) . The separation of caveolae from noncaveolar lipid microdomains resolves the ambiguity caused by analyzing the lipid microdomains that are isolated with the conventional sucrose density gradient. For example, T-cadherin is reported as a caveolae-associated protein in one study and as a lipid raft-associated protein in another study [37, 38] . Aquaporin-1, Thy-1, IGF-1 receptor and N-cadherin, which are reported to co-fractionate with caveolin-1 [5, 20, [21] [22] [23] [24] [25] , are actually noncaveolar lipid microdomain-associated proteins ( Figure 2D ). Thus, this modified sucrose density gradient provides a better technique with which to study caveolae.
Cholesterol depletion by methylcyclodextrin or filipin is often used to study the cellular function of caveolae and lipid rafts [5, 27, [39] [40] [41] [42] . Because cholesterol is present in both caveolae and lipid rafts (Figure 4 ), both will be disrupted by cholesterol depletion. Thus, the cellular effect of cholesterol depletion cannot differentiate between the functions of caveolae and lipid rafts. Although caveolae have been reported to be important for insulin receptor signaling and glucose uptake in studies using the cholesterol depletion method [39] [40] [41] [42] , specifically targeting caveolae by a caveolin-1 knockdown indicates caveolae-independent insulin receptor signaling and glucose uptake [5, 15] . By separating lipid rafts from caveolae, noncaveolar lipid microdomain-associated insulin receptor and GLUT4 are observed [15] .
In the published literature, both caveolae and lipid rafts are often considered to be cholesterol-and sphingolipid-enriched membrane lipid microdomains [2, 8, 43] . However, the lipid contents in these two lipid microdomains are quite different (Figure 4 ). Caveolae are not as lipid-enriched as lipid rafts. In fact, sphingolipidenriched, but caveolin-depleted, membrane microdomains can be isolated from mouse melanoma B16 cells by immunoprecipitation with an anti-GM3 ganglioside antibody [44] . Caveolae are also different membrane fractions from sphingolipid-enriched membrane microdomains in MDCK II cells [45] . These reports and our results suggest that caveolae and lipid rafts are quite different membrane microdomains and that they should be analyzed separately. 
Materials and Methods
Extraction of membrane lipid microdomains and sucrose density gradient flotation centrifugation
3T3-L1 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% calf serum. Non-detergent sodium carbonate solution was used to extract lipid microdomains [16] . Purified cellular plasma membrane was extracted with 2 ml of 0.5 M Na 2 CO 3 (pH 11.0), sonicated, and mixed with an equal volume of 90% sucrose, 50 mM Mes and 0.3 M NaCl buffer (pH 6.5). Four milliliters of extraction mixture was placed at the bottom of an ultra-centrifuge tube and overlaid with 4 ml of 35% sucrose and 4 ml of 5% sucrose in 25 mM Mes, 0.15 M NaCl and 0.25 M Na 2 CO 3 . The gradient was formed in a 14 × 89 mm Beckman centrifuge tube and centrifuged at 180 000 × g for 20 h in a SW41 rotor (Beckman) at 4 ºC. Fractions were collected from the top of the sucrose gradient.
A modified sucrose density gradient was developed to separate caveolae from other insoluble membrane lipid microdomains [15] . In this modified sucrose density gradient, 3 ml of 35% sucrose solution, 4 ml of 21% sucrose solution and 1 ml of 5% sucrose solution were overlaid on 4 ml of extraction mixture. The centrifugation conditions were not changed.
For detergent extraction [17, 18] , the cell membrane was extracted with 2 ml ice-cold Triton X-100 solution containing 0.5% Triton X-100, 25 mM Mes (pH 7.0), 0.15 M NaCl, 5 mM EDTA, 1 mM PMSF and 2 ml/ml protease inhibitors cocktail 1 and 2 [46] and mixed with an equal volume of 80% sucrose, 25 mM Mes (pH 7.0), 0.15 M NaCl and 5 mM EDTA. The sucrose gradient and centrifugation were the same as described in the previous section.
Plasma membrane purification
Confluent 3T3-L1 cells were washed with phosphate-buffered saline (PBS), scraped into isotonic buffer containing 250 mM sucrose, 20 mM Tris-HCl, 1 mM EDTA, 15 mM KCl, 2 mM MgCl 2 , 1 mM PMSF and 2 ml/ml protease inhibitors cocktail 1 and 2 (pH 7.5), and homogenized with a Dounce homogenizer. The cell lysate was centrifuged at 10 000 × g for 45 min at 4 ºC, and the membrane pellet was resuspended in the same isotonic buffer. The plasma membrane was isolated by loading the resuspended membrane pellet onto a 1.12-M sucrose cushion and centrifuging at 100 000 × g for 2 h [47] . The plasma membrane fraction at the interface was collected, diluted with PBS and pelleted by centrifugation at 200 000 × g for 60 min.
Western blot
Samples of each fraction were subjected to SDS-PAGE and transferred to an Immobilon-P membrane (Millipore). The target proteins were revealed by western blot and enhanced chemiluminescence [5] .
Lipid analysis
Cholesterol was extracted with 1.5 vol chloroform and vortexed for 4 h at 20 ºC. After centrifugation, the organic phase was collected. The chloroform was evaporated and cholesterol was measured with the Infinity Cholesterol Reagents kit. The gangliosides (glycosphingolipids) were analyzed by dot blot with HRPconjugated cholera toxin b-subunit, as described by Hong et al. [5] .
To determine the amount of other lipids, the sucrose in the isolated membrane lipid microdomains was diluted with PBS to less than 5%. The membrane lipid microdomains were pelleted by centrifugation at 150 000 × g for 4 h. All membrane proteins in the membrane lipid microdomains were recovered in the pellet as measured by the Lowry method and marker protein (caveolin-1 and aquaporin-1) western blot. The phospholipids and sphingomyelin were extracted with methanol and chloroform [28] and analyzed with thin-layer chromatography (Whatman, LK6D Silica gel) [29, 30] .
Electron microscopy
Sucrose in the membrane samples was diluted with PBS. The membranes were pelleted by centrifugation at 150 000 × g for 4 h. The membrane pellets were fixed in 2.5% glutaraldehyde in PBS, washed with PBS and incubated in 1% OsO 4 in PBS. After gradual dehydration in ethanol, the fixed membranes were embedded in SPI-pon812 epoxy matrix (SPI Chem). The samples were observed by electron microscopy (Jeol JEM-1230).
Proteomic analysis
Lipid microdomains isolated by a sucrose density gradient were pelleted by centrifugation. The pellet was dissolved in 100 ml reducing buffer containing 6 M guanidine hydrochloride, 100 mM ammonium bicarbonate and 10 mM dithiothreitol (pH 8.5). After incubation at 37 ºC for 30 min, 2.5 ml of 1 M iodoacetamide was added to the protein solution, which was incubated in the dark for an additional 30 min at room temperature. The sample was then buffer exchanged to 100 mM ammonium bicarbonate (pH 8.5), and digested with trypsin (1/50 amount of the protein) at 37 ºC overnight. One hundred micrograms of protein was used for each shotgun mass spectrometry analysis for protein identification [48, 49] . Briefly, the trypsin-digested peptides were applied to a ProteomeX Workstation (Thermo Finnigan, San Jose, CA, USA) for orthogonal 2D-LC-MS/MS analysis. The system was fitted with a strong cation exchange column (SCX, 320 mm, ID × 100 mm, DEV SCX, Thermo Hypersil-Keystone) and two C18 reversed-phase columns (RP, 180 mm × 100 mm, BioBasic ® C18, 5 mm, Thermo HypersilKeystone). The salt steps used were 0, 25, 50, 100, 200 and 800 mM NH 4 Cl synchronized with six 147-min reverse-phase gradients (from 100% A to 20% A and 80% B). The reverse-phase solvents were 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B). The effluent from the reverse-phase column was analyzed using a LCQ Deca XPplus ion-trap mass spectrometer. The micro-electrospray interface uses a 30-mm metal needle that is orthogonal to the inlet of the LCQ. The mass spectrometer was set such that one full MS scan was followed by three MS/MS scans on the three most intense ions from the MS spectrum with Dynamic Exclusion TM . The acquired MS/MS spectra were automatically searched against protein databases using the TurboSEQUEST program in the BioWorks TM 3.1 software suite. An acceptable SE-QUEST result had to have a ΔCn score of at least 0.1 (regardless of charge state). Peptides with a +1 charge were accepted if they were fully tryptic-digested and had a cross-correlation (X corr ) of at least 1.9. Peptides with a +2 charge were accepted if they had an X corr ≥ 2.2, and +3 charged peptides were accepted if they had an 
